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Outline
• What is a spin-torque.
• Spin-torque experiments:

– Sample fabrication
– Quasi-static transport measurements.
– High-speed switching.
– Observation of microwave emission.

• Spin-torque: basic physics.
– Angular momentum flow, spin-angular momentum conservation. 
– Current flow, spin transport, inverse effect of GMR/TMR.
– Entropy flow: finite temperature effects in nanomagnets with spin-torque.
– Energy flow: threshold voltage, threshold current, and their relationships.

• Spin-torque applications:
– Current-driven switching of a nanomagnet -- MRAM beyond 30nm.
– Current-tunable microwave generation in nano-junctions.
– Current-amplified magnetic noise in GMR read-heads.

• Summary.
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Angular momentum exchange between a spin-current and a ferromagnet (FM).

Precession and reversal of FM moment.

Spin-angular momentum flow: a basic picture
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J. Z. Sun, J. Magn. Magn. Mater. 202, 
157 (1999); Nature 425, 359 (2003). 

J. C. Slonczewski, J. Magn. Magn. Mater. 
159, L1 (1996); ibid, 195, L261 (1999).
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Subtractive process, an example:

0.1×0.2 µm2
• The layout:
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Subtractive process, an example:

Base conductor
FM1
FM2

(1)
Metal mask

(3)

SiO2

(4)
Planarization, etch back + top metal(2)

Ion mill

J. Z. Sun, Lu Chen, Y. Suzuki, S. S. P. Parkin, R. H. Koch, J. Magn. Magn. 
Mater. 247, L237 (2002).
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Additive process, an example:

Bottom metal

Insulator
Metal mask
PMMA

(1) Ion mill to open metal mask

Bottom metal

Metal mask

(2) Wet etch to open 
insulator with undercut

Bottom metal

(3) Deposit multilayer films

Metal fill

FM1
FM2

Bottom metal

(4) Form top level contact
Top metal

J. Z. Sun et al., Appl. Phys. Lett.81, 2202 (2002); J. Appl. Phys. 93, 6859 (2003).
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Examples of stencil-fabricated junctions:

TS Kuan
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Spin-transfer-induced magnetic switching: experiment

Active stack: ||100Pt||2000Cu||120Co||100Cu||30Co||150Cu||300Pt||1000Cu||. Size: 0.05×0.15 µm2.
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Contour plots of R(H, I):
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Switching dynamics: experiment
• Step-current-induced switching.

• Trace-average to gain S/N.

• Background voltage subtraction brings 
out small signal.

R. H. Koch, J. A. Katine, J. Z. Sun, Phys. Rev. Lett. 92, 088302(2004).
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Finite temperature switching time: a summary.
• High bias region, speed ≠current • angular momentum conservation. Fast, ns-switching.

• Low bias region, sub-threshold onset, amplified thermal activation.

J. Z. Sun et al., Proc. SPIE 5359, 445 (2004).
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Conduction electrons
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Single-domain magnetic dynamics, with spin-transfer
• Spin-transfer-induced torque:

2
I

em
η

α
=s sH n=

• Landau-Lifshitz-Gilbert Equation:

( )22
I

e m
η = − × × 

 
sΓ n m m=

1
2

sHH I
em H
η

α
   + = +   
   

sn H=

i1 1 sd H
dt m H m

α α
γ

       = × − + × = × − ×               

m m H m H m H m H

i 1 0sH
H

α α = + ≤ 
 

If H and Hs collinear:

• Threshold for precession amplification:
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Single-domain magnetic dynamics, with spin-transfer

• Threshold for amplification:

J. Z. Sun, J. Magn. Magn. Mater. 202, 157 (1999). J. Z. Sun, Phys. Rev. B62, 570  (2000)
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ns

with easy-plane anisotropy
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Spin transfer induced switching: a threshold current Ic:

( ) ( )2 2c k s
eI H m H M Hα π

η
  = + +  

  =

• Threshold for amplification:

• Switching current threshold ≠ Htotal:

Slope ≠α

Intercept / slope • Hk+2πMs

J. Z. Sun, J. Magn. Magn. Mater. 202, 157 (1999). J. Z. Sun, Phys. Rev. B62, 570  (2000)
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• Finite temperature: thermalized initial angle:
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J. Z. Sun, Phys. Rev. B62, 570  (2000)

R. H. Koch et al., Phys. Rev. Lett. 92, 088302(2004); J. Z. Sun et al., Proc. SPIE 5359, 445 (2004).

Spin-angular momentum flow and conservation:
• Reversal speed proportional to current:
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J. Z. Sun, Phys. Rev. B62, 570  (2000)

Spin-angular momentum flow and conservation:
• Reversal speed proportional to current:
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R. H. Koch et al., Phys. Rev. Lett. 92, 088302(2004); J. Z. Sun et al., Proc. SPIE 5359, 445 (2004).
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Finite temperature switching time: a summary.

• High bias region, speed ≠current • angular momentum conservation. Fast, ns-switching.

• Low bias region, sub-threshold onset, amplified thermal activation.

Caution: (1) Mono-domain model only. Continuous medium more complex.

(2) Does not apply when I ~ Ic0. 

(3) Does not apply when  E0 (1-H/Hk
)2/kBT ~ 1.
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J. Z. Sun et al., Proc. SPIE 5359, 445 (2004).
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Single-domain dynamics, spin-transfer at finite temperature
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• Landau-Lifshitz-Gilbert Equation at finite T:
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W. F. Brown, Jr. Phys. Rev. 130, 1677 (1963):
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Finite temperature spin-transfer dynamics, cont.
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• Effective magnetic temperature is

i i( ) ( ) ( )0/ / 1 / / 1 /s cT T T H H T I Iα α= = + = −

• Sub-threshold behavior, thermal activation:  
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Finite temperature theory of Li and Zhang:

• Stationary solution:

• Trial solution:

Z. Li and S. Zhang, Phys Rev. B 69, 134416 (2004). (zhangshu@missouri.edu)

( ) ( )eff r eff r s
s

d
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γαγ  = − × + − × × + + 
M M H h M M H h Γ

2 0M M
P P
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λ∂
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∂
Ji where ( ),P P t= M , and

dP
dt

=
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Rate equation: angular 
momentum conservation.
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• Lowest order:
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Current, rather than field driven switch of M. =>

Local addressing without proximity disturbance

Threshold current Ic:

( ) ( )[ ]221 1 (2 )/e
c m k s s a kI a l H M M H Hα π

η
= + +=

Spin-polarization LLG damping coefficient

Uniaxial anisotropy energy of the cluster: 
Blocking temperature Tb

Easy-plane shape anisotropy 
and applied field

Quantitative estimates:

For a cobalt cluster with Tb=600 K, η ~ 0.1-0.5, α = 0.01 with no easy-
plane shape anisotropy and in zero applied field: Ic ∼ 10 to 100 µA.

J. Z. Sun, Phys. Rev. B62, 570  (2000), US Patent 6,130,814; 6,256,223.

Spin-current switch for magnetic memory:

J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996); ibid, 195, L261 (1999). US Patent 5,695,864.

Katine et al. PRL (2000):
60×120 nm2

Jc ≈ 5×107 A/cm2

Goal: to have
Jc < 1×106 A/cm2 for 
CMOS integration.
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Summary

• Spin-transfer: a new mechanism of current-magnetic moment interaction.

• Spin-transfer can switch hard nano-magnets of Hk ~ 1Tesla without large field.

• Spin-transfer switching is fast: sub-nanosecond switching demonstrated.

• A new mechanism for localized high-torque magnetic writing. 

• For CMOS integration, need:

– 10 - 100X larger junction resistance (~1kΩ), for read-out ∆V >, say, 10mV.

– At least 10X reduction in junction switching current (<0.1 mA). 
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